M uch like humans, cells often exchange information. Proteins of the transforming growth factor-b (TGF-b) family act as key chemical signals for such exchange. These proteins are unusual in that they are packaged inside a protein cage, and can be accessed by cells only when the cage is opened. Mounting evidence 1 suggests that mechanical forces applied by the cell through membrane proteins called integrins are responsible for rattling the TGF-b proteins out of their cages. On page 55, Dong et al. 2 report crystal structures of integrin bound to a TGF-b cage, and show with unprecedented clarity how this rattling is achieved.
Integrins are heterodimers composed of a and b integrin subunits. They connect the extracellular matrix, which surrounds the cell, to the cytoskeleton, which consists of filaments of actin protein and provides intracellular structure. There are 24 different integrin heterodimers 3 , of which a V b 6 activates the protein TGF-b1.
Caged TGF-b1 is linked to the extracellular matrix through an adaptor protein, and consists of a latent version of the TGF-b1 protein surrounded by an extended amino-terminal 'pro-domain' that has been cleaved away from the protein proper -this region stably wraps around the protein to form the cage, preventing receptor binding. Integrin a V b 6 uncages TGF-b1 through interactions with a sequence of three amino-acid residues (arginine, glycine, aspartate; RGD) on the pro-domain 4 . This integrin-RGD binding is essential for TGF-b1 signalling: mutation of a single RGD residue in mice produces traits similar to those caused by complete deletion of TGF-b1, including multiorgan inflammation and defects in formation of the blood-vessel network 5 . An attractive model has emerged in which a cell that needs TGF-b1 yanks on the prodomain through integrins, which are presumably power ed by actin-filament movements (Fig. 1) . This action loosens the pro-domain and releases the active growth factor for local use (or to make it available to nearby cells). In a sense, TGF-b1 comes in a box, gift wrapped with ribbons -opening the box involves pulling on the ribbons in the correct direction.
To understand this process better, Dong et al. used X-ray crystallography to determine the structure of caged TGF-b1 bound to a V b 6 . The structure of the pro-domain, although not its contents, is considerably different from a previous structure of caged TGF-b1 alone 6 . Interestingly, biophysical measurements performed by the authors suggested that the binding affinity between TGF-b1 and the pro-domain is not affected by integrin binding. What, then, is the role of this structural change?
Dong and colleagues noted that the binding interface between the pro-domain and a V b 6 is highly interdigitated, resembling interlocking fingers -different from the flat contacts found at most protein-protein interfaces. Such an interface would not have been predicted either by computational models of docking between pre-existing structures of caged TGF-b1 and integrins (which assume that the two proteins maintain a stable structure during the interaction) or analyses of previous structures of integrins bound to their ligands (which revealed relatively small contact areas). However, this interdigitation and the associated large binding interface are probably responsible for the stable orientation between integrin and caged TGF-b1, which the authors observed using a second technique for structure determination, small-angle X-ray scattering. This lowresolution technique does not suffer from the potential for artefacts caused by crystal packing, which can force proteins into an abnormal orientation.
The importance of a stable binding orientation was highlighted by Dong and co-workers' computer simulations of the uncaging process. When progressively increasing force was applied to the pro-domain through b 6 integrin,
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Growth factor rattled out of its cage
The growth factor TGF-ß1 is located inside a protein cage, and is thought to be released by force applied through integrin proteins. A structure of TGF-ß1 in complex with integrin α V ß 6 Figure 1 | Force-induced activation of TGF-β1. a, In its latent form, the growth-factor protein TGF-b1 is surrounded by an extension to its amino-terminal region known as a pro-domain, which has been cleaved from the protein proper and acts as a cage. Caged TGF-b1 is embedded in the extracellular matrix that surrounds cells through an adaptor protein.
Dong et al. 2 resolved the structure of TGF-b1 bound to a cell-membrane integrin protein comprised of a V and b 6 subunits, which makes contact with actin-protein filaments that provide structure in the cell cytoplasm. b, The authors find that binding of TGF-b1 to the integrin subunits leads to the formation of an interface resembling interlocked fingers between the proteins. Application of force through b 6 , probably driven by actin movements, induces a structural change in the cage. c, The cage opens, releasing activated TGF-b1. The growth factor can then bind its receptor protein, TGFbR. the cage opened, breaking most of its contact with the growth factor. By contrast, applying the force through a V caused this subunit to unfold before any major structural changes to the pro-domain occurred. These results suggest that force application in the correct orientation -that is, through the region of the pro-domain that contacts b 6 -is essential for opening the cage.
And it seems that nature has specifically engineered integrins this way. As the authors noted, all sub domains in b integrins are connected to adjacent subdomains by two covalent bonds, whereas in a integrins they are linked through a single bond. This ensures that force is securely transmitted through b integrins, and that a integrins are prone to failure. Because TGF-bs and integrins arose during the same evolutionary period and in the same phylogenetic branch, the mechanism of force-induced TGF-b1 activation is probably shared across many species. However, unlike TGF-b1 and TGF-b3, the pro-domain of TGF-b2 lacks a recognizable integrin binding motif such as RGD (ref. 1). The mechanism by which TGF-b2 is released from its cage is unknown.
Much remains to be understood about TGF-b uncaging. Because Dong et al. used very high forces in their simulations, they could not determine the minimum force required to release TGF-b1. Certain moresubtle changes to the pro-domain structure would probably be sufficient for uncaging. Would a V b 6 remain bound to the pro-domain at these forces, as it did in the simulations, or is the binding seen in the simulations an artefact of the extreme forces used? Answering this question will provide a key test of the current model, because the unbinding force between the integrin and the pro-domain should be as high or higher than the force required to open the cage. To address this issue, single-molecule methods could be used to directly measure forces across integrins during unbinding and uncaging 7, 8 . The method used by the authors to detect TGF-b1 involves measuring the activity of the released growth factor, and as such is indirect, with low time resolution and sensitivity. By contrast, the role of integrins in another process (remodelling extracellular matrices) can be directly examined at single-cell resolution using fluorescence-based methods 9 . If a similar resolution could be achieved for TGF-b activation, it would allow researchers to determine whether the released growth factors are used by the cells that do the uncaging or by the surrounding cells.
More broadly, Dong and colleagues' structure is a major leap forward in our understanding of how integrins interface with the extracellular environment. This should and will inspire researchers to ask deeper and more The formation of mountain landscapes requires the uplift of rock, usually caused by colliding tectonic plates. Rock uplift is then countered by the incision of valleys by rivers and glaciers, and the coupled erosion of hill slopes. In steep mountain regions in which rates of erosion are comparable to those of rock uplift, river incision into rock undercuts mountain slopes, forcing the episodic collapse of the hill slopes through landslides and debris flows. This drives many mountain slopes towards steep gradients ranging between 20° and 45°, determined by rock strength 5 . In this context, understanding the presence of extensive surfaces that have anomalously low slopes within many mountain ranges (such as the Rockies 6 , Himalayas 7 and Pyrenees 8 ) is an ongoing challenge.
The suggestion by Yang et al. 2 that many of these surfaces resulted from the inevitable expansion and contraction of river networksmore specifically, from changes in the plan-view geometry of river networks -is therefore an intriguing theory that needs testing. Crucial to the proposed process is the migration of drainage divides, the ridges that separate neighbouring river catchment areas. The resulting expansion and contraction of catchment areas leads to increases and decreases, respectively, in the amount of precipitation and run-off that feeds the water discharge of main 'trunk' rivers.
Changes in water discharge drive changes in the capacity of a river channel to transport sediment and incise into underlying rock. As one river catchment captures an area of water drainage from another, the capturing river's ability to incise increases, driving erosion. By contrast, the catchment that is the victim of capture loses drainage and so becomes less able to incise. This can cause river channels to accumulate coarse sediment and reduce the gradient of hill slopes below the threshold for landsliding, enabling the slopes to increase their soil cover. This conversion of victim catchments 9 to low-gradient landscapes is the alternative mechanism proposed by Yang et al. for the formation of low-gradient surfaces in mountain ranges.
Whipple and colleagues focus the debate around the extraordinarily elongated rivers that drain the eastern margin of Tibet. The unusual geometry of this network, in which parallel river gorges run in close proximity, is thought to result from regional crustal
EARTH SCIENCE
Making a mountain out of a plateau
A theory proposed in 2015 suggested that relatively flat surfaces in mountain ranges were formed by the reorganization of river networks. A fresh analysis rebuts this idea, reigniting discussion of a long-standing problem in Earth science.
